ABSTRACT Alleles of the growth hormone (GH) gene and GH receptor (GHR) gene were analyzed for association with juvenile body weight (HBWT), age at first egg (AFE), the hen-day rate of egg production (HDR), egg specific gravity (SPG), and egg weight (EWT) in a strain of White Leghorns. The particular strain segregated at near equal frequencies for two GH alleles defined by differences at three restriction fragment length polymorphisms (RFLP) and for two GHR alleles defined by a single RFLP. The GH genotype was significantly associated with AFE (P ≤ 0.04) as well as HDR from 274 to 385 d (P ≤ 0.04) and 386 to 497 d (P ≤ 0.0003). The GHR genotype (haploid in female chickens) had trends for association with HBW (P ≤ 0.06) and HDR from AFE to 273 d (P ≤ 0.07). The effects on the egg quality traits SPG and EWT were not significant.
INTRODUCTION
The growth hormone (GH) axis has a major influence on a diverse array of biological processes, ranging from effects at the cellular level to whole-body phenotypic changes. Evidence for such an influence comes from the study of transgenic animals, genetic disorders involving genes of the GH axis, as well as in vivo and in vitro administration of GH. However, there have been relatively few studies to determine to what extent genetic variations in the genes of the GH axis contribute to quantitative trait variation in breeding populations. To answer this question, we have begun to systematically screen markers located in genes of the GH axis for association with traits.
A previous analysis of the GH gene revealed four different restriction fragment polymorphisms (RFLP) in White Leghorn strains and meat-type birds (Fotouhi et al., 1993; Kuhnlein and Zadworny, 1994) . These RFLP responded to selection for egg production in a series of egg layers and for size of the abdominal fat pad in broilers. Based on linkage disequilibrium analysis, 5 of the 16 possible combinations of the four RFLP occurred in the strains analyzed. These five GH alleles (defined as combinations of RFLP) could be ordered into a gene tree on the basis of RFLP differences. One of the White Leghorn strains analyzed, Strain S, segregated for two alleles that differed by three RFLP. Linear regression analysis in that strain indicated that the two alleles affected the onset of egg laying [age at first egg, (AFE)] and the rate of egg laying (HDR) between 274 and 497 d of age (HDR2 and HDR3; Kuhnlein and Zadworny, 1994) .
A search for genetic markers near the GH receptor (GHR) gene revealed a HindIII RFLP (X. P. Feng, unpublished data). Similar to the GH RFLP, the GHR RFLP was co-selected with egg traits in egg layers and the size of the abdominal fat pad in broilers. Analysis of a layer strain revealed association with juvenile body weight measured at 140 d of age (HBWT), but not with mature body weight (365 d), indicating that this RFLP may be linked to mutations that affect genes in the vicinity of the GHR gene or the GHR gene itself.
The GHR RFLP segregated at near equal frequency in the White Leghorn Strain S, in which we had previously 2 Pharmacia, Uppsala, Sweden. 3 Novell, Inc, Provo, UT 84606.
found an association of GH genotype with egg production traits. In this communication we analyzed the effects of the GH and GHR on traits in more detail. In particular, we searched for genotypic interaction between the two genes and analyzed the effects of the genotypes on the association between hen-day rate of egg production (HDR) and age at first egg (AFE) and between HDR and HBWT. There was no significant interaction between the genotypes of the two genes of the GH axis, but the association between traits was genotype-dependent, indicating that the effect of the GH and GHR genotype on traits is influenced by the genetic background.
MATERIALS AND METHODS

Experimental Chickens and Traits
All chickens were from the White Leghorn Strain S. The strain had been established in 1936 at Cornell University and had been kept as a closed breeding population ever since. Strain S had been selected for susceptibility to the "avian leukosis complex", later recognized as being mainly Marek's disease (Hutt and Cole, 1947; Cole and Hutt, 1973) . The strain was imported from Cornell University to the Centre for Food and Animal Research (CFAR) in Ottawa in 1966 and maintained by random mating without selection using 10 males mated to 5 females each. Inbreeding at the time of analysis was estimated to be 0.39 (Gavora et al., 1979; Kuhnlein et al., 1990) .
Housing and management of the chickens in a specific pathogen-free facility and the measurements of traits have been described in detail (Gavora et al., 1991) . In particular, birds were reared in group cages. They were weighed at 140 d of age (HBWT) and placed into individual laying cages. Age at first egg is the age when the first egg was recorded. The HDR, expressed as a percentage, is the number of eggs laid divided by the number of days the hen was alive in the period multiplied by 100. Egg weight (EWT) and egg specific gravity (SPG) were measured for up to five eggs collected from each hen on 5 consecutive d starting at 240 and 450 d of age.
GH and GHR Genotypes
The GH and GHR genes were typed in 94 randomly selected chickens of Strain S. The GH gene was typed for two RFLP, an MspI RFLP in intron 1 and a SacI RFLP in intron 4. The primers for the PCR assay of the MspI RFLP (PM3) were 5′-ATCCCCAGGCAAACATCCTC-3′ (forward) and 5′-CCTCGACATCCAGCTCACAT-3′ ( r e v e r s e ) a n d f o r t h e S a c I R F L P ( P S 1 ) 5 ′ -CTAAAGGACCTGGAAGAAGGG-3′ (forward) and 5′-AACTTGTCGTAGGTGGGTCTG-3′ (reverse). Amplification for PM3 was carried out with Tth polymerase 2 using the manufacturer's reaction buffer with 4% formamide. After presoaking for 4 min at 95 C, 35 PCR cycles were carried out each consisting of 30 s at 92 C, 120 s at 60 C, and 90 s at 72 C. Amplification for PS1 was identical except that the second step of each cycle was at 62 C. The primers used to detect the HindIII RFLP located near the GHR gene were 5′-GGCTCTCCATGGGTATTAGGA-3′ (forward) and 5′-GCTGGTGAACCAATCTCGGTT-3′ (reverse). Amplification was carried out in reaction buffer containing 5% formamide using 35 cycles. Each cycle consisted of 30 s at 92 C, 80 s at 59 C, and 90 s at 72 C. The PCR products were restricted with the appropriate restriction enzyme and analyzed by electrophoresis on a 1.5% agarose gel.
Statistical Analysis
Analysis of variance was carried out using the General Linear Models Procedure Type III (SAS Institute, 1996) using the model
where a = the overall mean; b i = the effect of the GH genotype; c k = the effect of the GH receptor genotype; d ik = the interaction between the two genotypes; and e ikl = the error term. As the interaction term was not significant for any of the traits analyzed, the model was subsequently reduced to
Regression analyses of HDR on AFE or HBWT were carried out using the software package New Quatro Pro 6.0 Notebook. 3 The same program was used to determine the best geometrical fits of HDR (dependent variable) plotted against AFE and HBWT, respectively (Figures 1 and 2).
RESULTS
Frequency of GH and GHR Genotypes
Strain S segregated for two GH alleles, A1 and A5, which differed by three RFLP, one in intron 1 and two in intron 4 (Kuhnlein and Zadworny, 1994) . Although typing at any of the three RFLP is diagnostic for the two GH alleles in Strain S, two RFLP were analyzed to insure that only two of the possible 8 RFLP combinations occurred. Strain S was also typed for two GHR alleles H + and H -(characterized by a HindIII RFLP). This RFLP is located in the intron preceding exon 3 and coincides with the presence (H + ) or absence (H -) of a polyadenylation signal (unpublished data). The GHR gene is located on the Z chromosome and hence paternally inherited and haploid in females (Burnside et al., 1991) , whereas the GH gene is FIGURE 1. Geometrical fit of the regression of hen day rate of egg production on housing body weight for the two growth hormone receptor (GHR) genotypes. The arrows indicate the median housing body weight for each GHR genotype. FIGURE 2. Geometrical fit of the regression of hen-day rate of egg production on age at first egg for the three growth hormone genotypes. The arrows indicate the median age at first egg for each growth hormone genotype.
TABLE 1. Frequency distribution of growth hormone (GH) and GH receptor (GHR) genotypes 1
1 The GH genotype (diploid) and the GHR genotype (haploid) were determined in 94 female chickens. The observed distribution of genotypes was significantly different from the distribution expected under the assumption of Hardy-Weinberg equilibrium for the GH alleles and random segregation of the two GHR alleles among the GH genotypes (x 2 = 4.97, df = 1, P ≤ 0.026). The GHR alleles are paternally inherited and their frequency in the male parent could be inferred from the segregation pattern among offspring. It amounted to 0.55 for the GHR H + allele. located on the tip of the long arm of chromosome 1 (Shaw et al., 1991) . A total of 94 randomly selected chickens were analyzed. The distribution of the observed genotypes deviated from the frequencies expected from HardyWeinberg equilibrium of the GH alleles and a random distribution of the two GHR alleles among the GH genotypes (Table 1 ). In particular, among the chickens of the GH genotype A1/A1, there was a trend for a reduced frequency of the GHR H + allele, whereas in the other genotypic classes the frequency was similar to the frequency of 0.55 observed among the male parents. In addition, the frequency the A1 allele was slightly lower among GHR H + than GHR H -chickens. Although a larger sample size is required to be statistically valid, this observation may reflect unequal fertility or hatchability among chickens with different GH and GHR genotype combinations.
Associations Between Genotypes and Traits
Associations of genotypes with egg production traits were initially analyzed using a linear model that included terms for the GH genotype, the GH genotype and the interaction between the two genotypes. However, because the interaction term was not significant (P < 0.09 for AFE and P < 0.3 for all other traits), it was removed from the model. The means for the different genotypic classes are shown in Table 2 and the variance explained by the model, the partitioning of the variance and the significance levels in Table 3 . The GH genotype was significantly associated with AFE and the HDR from 274 to 385 d (HDR2) and from 386 to 497 d (HDR3), and from AFE to 497 d (total hen/day, egg production HDRT). There was no significant association with body weight at housing (HBWT), egg specific gravity (SPG), and egg weight (EWT). The GHR genotype showed a trend for association with AFE and HBWT. The above probabilities were not corrected for the multiplicity of traits being analyzed (Bonforroni correction), because some of the traits are correlated (see below). Assuming a correction factor of 4 (AFE, HBWT, HDR, SPG, and EWT), the GH genotype was still significantly associated with HDR3 and HDRT, whereas the other associations are relegated to nonsignificant.
The rate of egg production as well as EWT and SPG (a measure of eggshell quality) were measured at different ages. For all three traits, the coefficient of phenotypic variation increased with age, as has been reported previously (Liljedahl et al., 1984) . However, the variance associated with the GH genotype increased even faster than the phenotypic variance (Table 3) , resulting in an age- 
Effect of Genotypes on Associations Between Traits
Complex traits tend to be interdependent and traits in chickens are no exception (Fairfull and Gowe, 1990) . Such dependencies between traits are expected to be affected by genetic variation. Table 4 shows a linear regression analysis of HDRT, on two early traits, HBWT and AFE. In our particular strain, HDRT was associated positively with HBWT and negatively with AFE. Although the number of samples precludes a rigorous statistical analysis, the degree of association appeared to be dependent on the GH and GHR genotypes. In particular, the association of HDRT with AFE was only significant for the GH genotypes A1/A5 and A5/A5, whereas the association of HDRT with HBW was only significant for the GH genotype A1/A5 and GHR genotype H + .
The regression lines (best geometrical fit) of HDRT on HBWT for the two GHR genotypes intercept at a HBWT of 1.24 kg (Figure 1 ). This value is within the observed physiological range and leads to the surprising conclusion that the effect of the GHR genotype on HDRT in a chicken with HBWT > 1.24 kg is opposite to its effect in a chicken with HBWT < 1.24 kg.
In the case of AFE, the regression lines for the three GH genotypes intercepted at a single point at an AFE of 149 d, a value that is at the lower boundary of the observed AFE values ( Figure 2) ; hence, the effect of the GH genotype on HDRT increases with increasing AFE and, adjusted for AFE, becomes additive. Analysis of HDR in different laying periods (Table 5) indicates that the differences in the dependency on AFE between different GH genotypes were consistent throughout the laying period. This 1 HDRT = total hen-day egg production; HBWT = hen body weight at housing; AFE = age at first egg; GH = growth hormone; GHR = GH receptor.
2 The significance of the deviation of the regression slope from 0 is indicated. consistency is significant (Friedman two-way analysis of variance by rank, P = 0.028, to observe the same ranking at random).
DISCUSSION
In this communication we analyzed the effect of markers at the GH and GHR genes for associations with traits in a layer strain of chickens. Although these markers are located within or near the respective genes, we cannot exclude that their trait associations are due to linkage disequilibrium with mutations in neighboring genes, rather than with mutations in the genes themselves. However, as mutations in the GHR gene have been shown to be associated with dwarfism, it would not be surprising to find other genetic variants that modulate growth (Burnside et al., 1991; Pinard and Monvoisin, 1994) . There are no known mutations in the GH gene in chickens and physiological consequences of mutations that affect GH expression are unknown; however, the observed association of the GH genotype with ovulation traits is as expected from the biological properties of GH observed in other species. Further, as expected from the lack of growth response of young chickens to administration of exogenous hormone, the GH genotype does not affect juvenile body weight.
Conversely, it has been shown that the defective GHR in sex-linked dwarf chickens affects the onset of ovulation, the rate of egg production, and egg quality traits (Guillaume, 1976; Mérat, 1990) . In Strain S, the tendencies associated with the GHR genotype were similar. The GHR genotype H -(associated with lower body weight) yielded a lower average HDR in all three periods measured and a later AFE than the GHR genotype H + . However, direct measurements of GH and GHR levels at different ages and in different tissues are required, and for this purpose the development of strains homozygous for the different GH and GHR alleles are now in progress.
The phenotypic variation of egg production and egg quality traits increases with age due to an increase of both the genetic as well as the environmental variance (Liljedahl et al., 1984) . Thus, the aging process renders egg traits not only more sensitive to the environment but also changes the genetics of ovulation. In Strain S, the variance of HDR measured in three consecutive periods increased approximately linearly with age, whereas the variance associated with the GH genotype increased even faster. Similarly, variances for the egg quality traits SPG and EWT increased and the increase in genotypic variance was higher than the increase in total variance. This effect appears not to be the case for the GHR, for which the fraction of the variance explained by the genotype appears to decrease with age.
It has been suggested that the increase of the genetic variance with age is due to a higher number of genes that are expressed late in life and increasingly contribute to variation as age progresses (Liljedahl et al., 1984) . In the case of the GH genotype, however, the contribution of a single gene whose expression is highest during early development is increasing with age. It may be that the decline of GH expression with age renders GHdependent biological processes more susceptible to fluctuations in GH levels or that the phenotypic effects of GH deficiencies are cumulative.
Most models used in the analysis of quantitative traits are statistically complex, but biologically simple. In particular, it is generally assumed that quantitative trait loci are additive and gene interaction is neglected. Regression analysis in Strain S revealed a significant association of HDR and AFE that was dependent on the GH genotype. The regression lines obtained for the three genotypes intercepted at 150 d, which coincides with the lower boundary of the observed range of AFE (142 to 262 d). Thus, in chickens with early AFE, the effect of the GH genotype on HDR is marginal, whereas in chickens with later AFE the effect becomes increasingly more important. Further, although the analysis of variance indicated that the GH allele A5 was dominant for a reduced HDR (Table 2) , the GH genotype was additive among chickens matched for a later rate of AFE (Figure 2 ). An even more striking example of the dependency of a trait:genotype interaction on second trait was the dependence of the GHR:HDRT association on HBWT. In this case, the influence of the GHR genotype on HDRT in chickens with a low body weight was opposite to that in chickens with high body weight (Figure 1) .
Chickens are reared under near identical conditions and the environmental effects on trait values are therefore expected to be small. Hence, within a narrow range, each trait value is presumably diagnostic of the presence of a distinct network of interacting genes that determine the homeostatic set-points of different regulatory circuits. Because the GH axis plays an important role in homeostasis, a complex interaction between traits and GH and GHR genotypes is therefore to be expected. Alternatively, the effect of AFE and HBWT on HDR may be direct, by imposing physiological constraints such as size of the ovary or nutrient supply. However, in the latter case one would not expect that the relation between the traits is dependent on the GH and GHR genotype.
Whether the behavior of GH and GHR variants is a paradigm for other genes remains to be determined. Such genetic variants would escape detection by current strategies for quantitative trait loci mapping and other methodologies would have to be developed in order to dissect the genetic architecture of complex traits. Further, the same genetic variants may have different effects in different genetic backgrounds and hence be strain specific.
